The novel human coronavirus EMC (hCoV-EMC), which recently emerged in Saudi Arabia, is highly pathogenic and could pose a significant threat to public health.
H uman coronaviruses were long considered agents of mild respiratory disease, with the prototype viruses 229E and OC43 being responsible for up to 30% of common cold cases requiring medical attention (1, 2) . However, the outbreak of the severe acute respiratory syndrome coronavirus (SARS-CoV) in [2002] [2003] abruptly changed this view. The spread of the novel virus claimed more than 700 lives, predominantly elderly and immunocompromised individuals, and caused massive economic damage (3) . SARS-CoV-related viruses were detected in bats, and it is believed that these animals served as a natural reservoir (4, 5) from which the virus was transmitted via intermediate hosts, such as palm civets (6) , to humans. Thus, although most human coronaviruses known today (OC43, 229E, NL63, and HKU1) circulate worldwide and cause mild respiratory disease (7) , the zoonotic transmission of novel coronaviruses to humans can pose a significant threat to public health.
A novel coronavirus, termed hCoV-EMC (8) , recently emerged in the Middle East, and so far 13 laboratory-confirmed cases have been reported to the WHO, including 6 from Saudi Arabia, 2 from Qatar, 2 from Jordan, and 3 from the United Kingdom (9, 10) . The cases from the United Kingdom cluster within one family, with the initial individual but not the subsequent ones having a history of travel to Pakistan and Saudi Arabia (10) , suggesting that human-to-human transmission occurred. Disquietingly, the new virus shares several similarities with SARS-CoV. First, hCoV-EMC appears to be highly pathogenic, with 7 of the 13 identified cases having a fatal outcome, and infection induces a severe acute respiratory disease (8, 9) . Second, the virus, like SARS-CoV, belongs to the betacoronavirus genus and might have been transmitted from bats to humans (8) , as suggested by its close relatedness to the bat coronaviruses HKU4 and HKU5 and the isolation of hCoV-EMC-related viruses in bats from Ghana and Europe (11) . At present, there is no evidence for efficient interindividual transmission of hCoV-EMC (9) . However, a few adaptive amino acid changes might be sufficient to allow hCoV-EMC to spread rapidly within the human population, with potentially severe consequences. Therefore, it is imperative to elucidate hCoV-EMC interactions with host cells and to transform this knowledge into effective antiviral strategies.
The interaction of the coronavirus spike (S) protein with host cell receptors and proteases is essential for the first step in coronavirus infection, i.e., viral invasion of host cells (12, 13) . The binding of the S protein to host cell receptors attaches viruses to target cells and is a major determinant of the viral cell and organ tropism (14) . Two receptors for human coronaviruses have been identified so far, namely, CD13 (used by hCoV-229E) (15) and ACE2 (used by SARS-CoV and hCoV-NL63) (16, 17) . Moreover, sialic acid has been described as a receptor determinant of hCoV-OC43 (18) , and the coronavirus murine hepatitis virus (MHV) was shown to engage murine but not human CEACAM1 for cellular entry (19) , although it is worth noting that MHV host range mutants which employ human CEACAM1 for cellular entry have been reported (20, 21) . The S proteins are synthesized as inactive precursors and transform into an active state upon proteolytic cleavage (12, 13) . The activity of the pH-dependent endosomal cysteine proteases cathepsin B and, particularly, cathepsin L was found to be required for entry of SARS-CoV (22) and hCoV-229E (23) into certain host cells, and evidence for S-protein proteolysis by cathepsins was provided (22) . However, recent work indicates that the type II transmembrane serine proteases (TTSPs) TMPRSS2 and HAT can cleave the SARS-CoV S protein (SARS-S) and that SARS-S processing by TMPRSS2 allows for cathepsin B/L-independent virus-cell fusion (24) (25) (26) (27) (28) . Which receptors and proteases are used by hCoV-EMC for attachment and activation is unknown at present.
Here we investigated the viral and cellular determinants of hCoV-EMC entry into host cells. We show that the hCoV-EMC S protein (EMC-S) mediated transduction of a broad range of human target cells when the protein was incorporated into lentiviral particles. EMC-S did not engage known coronavirus receptors for cellular entry and was activated by TMPRSS2 and endosomal cathepsins. Finally, transduction was inhibited by serum from an hCoV-EMC-infected patient, indicating that S-protein-specific neutralizing antibodies are generated in the context of hCoV-EMC infection.
MATERIALS AND METHODS
Cell culture. Most of the adherent cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen) supplemented with 5 to 10% fetal calf serum (FCS; Biochrom) and 1% penicillin-streptomycin sulfate (Cytogen). 293T cells genetically engineered to stably express human ACE2 (hACE2; 293T-ACE2 cells) (29) or hCD13 (293T-CD13 cells) (S. Bertram et al., submitted for publication) were maintained in DMEM supplemented with 100 g/ml Zeocin (Invitrogen). Caco-2 cells were cultured in DMEM-GlutaMAX medium (Invitrogen) supplemented with 10% FCS. The promonocytic cell line THP-1 was grown in RMPI 1640 medium (Gibco) supplemented with 10% FCS and antibiotics and differentiated into a macrophage-like culture by induction with phorbol myristate acetate (PMA) (20 ng/ml; Sigma) for 48 h. For generation of primary human monocytes, peripheral blood mononuclear cells were purified by Ficoll gradient centrifugation and cultured in monocyte adherence medium (RPMI 1640 medium with 7.5% human fibrin-depleted plasma) for 24 h. Thereafter, adherent cells were resuspended in monocyte differentiation medium (X-Vivo 10 medium [Lonza] supplemented with 1% human fibrin-depleted plasma and 1% penicillin-streptomycin sulfate), seeded into 96-well plates at a density of 7.5 ϫ 10 4 cells/well, and allowed to differentiate into monocyte-derived macrophages for at least 7 days before usage for transduction experiments. Microscopic inspection of cells used for transduction revealed a clear macrophage-like morphology. All cells were grown in a humidified atmosphere at 37°C and 5% CO 2 .
Plasmids and antibodies. Expression plasmids for SARS-S, 229E-S, Zaire ebolavirus glycoprotein (EBOV-GP), vesicular stomatitis virus glycoprotein (VSV-G), and murine leukemia virus envelope protein (MLV-Env) have been described previously (30, 31) . Plasmids encoding the transmembrane proteases TMPRSS2, TMPRSS4, TMPRSS3, TMPRSS6, and HAT were published earlier (24, (32) (33) (34) . An expression plasmid encoding EMC-S (EMC-S FLAG) with a C-terminal FLAG tag was generated by reverse transcription, using RNAs from CoV-EMC-infected cell cultures and the oligonucleotides 2c-nhCoV-S-BamHI-F (TACGGATCCG CCACCATGATACACTCAGTGTTTCTACTGATGT) and 2c-nhCoV-SflagC-SalI-R (AGCGTCGACTTACTTGTCATCGTCATCCTTGTAAT CGCCTCCGTGAACATGAACCTTATGCGGC), followed by ligation of the PCR fragment into plasmid pCG1. The resulting plasmid was used as a template for amplification of the EMC-S open reading frame without a tag, using oligonucleotides p5-BetaCoV_Kpn (GATCGGTACCACCATG ATACACTCAGTGTTTCTACTG) and p3-BetaCoV_Xho (GATCCTCG AGTTAGTGAACATGAACCTTATGCGGCTCTAGG). The PCR amplicon was then inserted into the plasmid pCAGGS by using the KpnI and XhoI restriction sites. The resulting plasmid expresses EMC-S with a sequence identical to that deposited under GenBank accession number AFS88936. To generate EMC-S with a V5 tag, the C-terminal sequence of EMC-S was amplified using oligonucleotides BetaCoV_seq 2567 (CTCA ATCATCTCCTATCATACCAGG) and p3-BetaCoV_Xho_V5 (GATCCT CGAGTTACGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGG CTTACCGTGAACATGAACCTTATGCGGCTCTAGG), followed by replacement of the corresponding sequence within the pCAGGS-EMC-S plasmid by use of SphI and XhoI. The integrity of all PCR-amplified nucleotide sequences was verified by automated sequence analysis. For generation of lentiviral virus-like particles (VLPs), plasmid p96ZM651gagopt, encoding human immunodeficiency virus type 1 Gag (p55), was employed (35) . A V5-reactive monoclonal antibody was obtained from Invitrogen; HIV Gag proteins were detected using the hybridoma 183-H12-5C cell culture supernatant (NIH AIDS Reagent Program). Secondary antibodies were purchased from Dianova. An hCoV-EMC-reactive serum was isolated from a blood sample obtained from an hCoV-EMCinfected patient treated in a hospital in Essen, Germany.
Production and analysis of VLPs. VLPs were generated as described previously (25) . Briefly, plasmid p96ZM651gag-opt was coexpressed with either an empty plasmid as a control or plasmids encoding the S proteins of SARS-CoV and hCoV-EMC, followed by concentration of supernatants by ultrafiltration using Vivaspin centrifugal concentrators (Sartorius) and purification of VLPs by centrifugation of supernatants through a 20% sucrose cushion at 13,000 ϫ g for 2 to 3 h at 4°C. Concentrated VLPs were treated with trypsin (100 g/ml) for 10 min at room temperature, followed by the addition of the same concentration of soybean trypsin inhibitor (Sigma). The samples were then analyzed by Western blotting, employing a monoclonal antibody directed against the V5 tag.
Production and analysis of lentiviral pseudotypes. Lentiviral pseudotypes were generated and harvested from the culture supernatants of transfected 293T cells as described previously (31, 36) . The supernatants were harvested, passed through 0.45-m-pore-size filters, and stored at Ϫ80°C. Before usage in experiments, pseudotypes were normalized for equal infectivity by transduction of Caco-2 cells with serially diluted supernatants followed by determination of luciferase activity in cell lysates according to the manufacturer's instructions (Promega). Normalization of the viral p24 capsid protein content was performed using a commercially available HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) (HIV-1 p24 antigen capture assay; Advanced BioScience Laboratories).
Neutralization assay. The neutralizing activity of serum obtained from an hCoV-EMC-infected patient treated in Essen, Germany, was measured by preincubation of lentiviral pseudotypes with defined serum dilutions in triplicate for 30 min at 37°C in a total volume of 50 l. Thereafter, the mixture was added to 10 4 Caco-2 cells in 96 wells for 8 h, followed by complete exchange of the culture medium. After 72 h, the reduction in transduction efficiency was measured by quantifying luciferase activities in cell lysates.
Inhibition studies. The inhibitors MDL28170 (Calbiochem), camostat mesylate (Tocris), leupeptin, and ammonium chloride (Sigma) were diluted in solvent as recommended by the manufacturers and used at the indicated concentrations. Within the experiments, the volume of solvent was kept constant, and solvent without inhibitor was used as a control. Target cells were pretreated with the inhibitors for 60 min at 37°C and transduced with infectivity-normalized pseudotypes in the presence of inhibitor. The inhibitor-containing medium was replaced by fresh culture medium without inhibitor at 8 h postransduction, and transduction efficiency was measured after 72 h.
RESULTS

The human coronavirus EMC spike protein is expressed in transfected 293T cells and incorporated into retroviral particles.
Retroviral particles pseudotyped with S proteins (pseudotypes) have been used successfully to characterize the host cell entry of coronaviruses, including SARS-CoV (37) (38) (39) . Therefore, we asked if pseudotyping can be employed to study the cellular entry driven by EMC-S. Efficient expression of viral envelope proteins in transfected cells is a prerequisite for pseudotyping. Western blot analysis of 293T, HeLa, and BHK-21 cells transfected to express EMC-S with a C-terminal antigenic tag revealed two prominent bands, of 170 and 100 kDa, and a minor band, of 60 kDa, which were not detected in control cells transfected with empty plasmid, indicating that the S protein was expressed efficiently ( Fig. 1A) . The detection of two bands is consistent with cleavage of the S protein (170 kDa) into an N-terminal (not detected) and a C-terminal (100 kDa) subunit by host cell proteases. In order to determine whether efficient EMC-S expression allows for virion incorporation, we coexpressed HIV-1 Gag and EMC-S in 293T cells and analyzed the S-protein incorporation into particles released from these cells. SARS-S was included as a positive control, since we and others previously showed that SARS-S is incorporated into retroviral particles (37) (38) (39) . Western blot analysis of pseudoparticles released from transfected 293T cells indeed revealed efficient particle incorporation of SARS-S, and the S protein was largely uncleaved, in agreement with published data (37-39) ( Fig. 1B) . A signal of similar intensity was measured for EMC-S, and again, two prominent bands, of 170 and 100 kDa, were detected ( Fig. 1B) , indicating that EMC-S and SARS-S are incorporated into retroviral particles with similar efficiencies and that the former but not the latter S protein is efficiently processed by host cell proteases.
The human coronavirus EMC spike protein mediates entry into cell lines derived from different human tissues. We next investigated if retroviral particles pseudotyped with EMC-S were able to transduce human cells. Pseudotypes bearing the G protein of VSV were used as a positive control, since VSV-G facilitates transduction of an extremely broad range of cell types. Bald particles bearing no glycoprotein were used as negative controls (pCAGGS). A vector encoding luciferase was used for pseudotyping, and transduction efficiency was determined by quantifying luciferase activities in the lysates of transduced cells. Pseudotypes bearing VSV-G were able to robustly transduce all cell types tested, while signals measured upon transduction with particles bearing no glycoprotein were within the background range ( Fig. 2A) , as expected. EMC-S facilitated transduction of Caco-2 (colon), HOS (osteosarcoma), Huh-7 (liver), and MRC5 (lung) cells, while RPE (retina), U373 (glioblastoma), EA-hy (endothelium), and A549 (lung) cells were not susceptible to EMC-S-mediated transduction ( Fig. 2A, left panel) . Transduction of 293 and 293T (kidney) cells was also observed ( Fig. 2A, right panel) , although some batches of these cells were nonsusceptible, potentially due to batch-or culture-dependent differences in the expression of the so far unknown hCoV-EMC receptor. Finally, THP-1 monocytic cells were nonsusceptible to EMC-S-driven transduction but acquired susceptibility upon PMA-induced differentiation into macrophages ( Fig. 2B , left panel), suggesting that expression of the EMC-S receptor might be induced upon differentiation of monocytes into macrophages. Indeed, primary human monocyte-derived macrophages could be transduced efficiently by EMC-S-bearing pseudotypes (Fig. 2B , right panel), in agreement with robust receptor expression. In sum, EMC-S mediates transduction of a broad range of target cells, indicating that the viral receptor is expressed in different cell types and organs.
The spike protein of the human coronavirus EMC does not use known coronavirus receptors for host cell entry. The following proteinaceous receptors for coronavirus have been identified so far: CD13 (used by hCoV-229E and others [15] ), murine CEACAM-1 (used by MHV [19] ), and ACE2 (used by SARS-CoV and hCoV-NL63 [16, 17] ). We investigated if EMC-S was able to employ one of these receptors for host cell entry. For this purpose, the respective receptors were transiently expressed in 293T cells and the cells subsequently transduced with pseudotypes bearing the S proteins of hCoV-229E (229E-S), MHV (MHV-S), and SARS-CoV. ACE1 was also included in this experiment due to its sequence similarity with ACE2. Expression of the respective coronavirus receptors did not modulate host cell entry driven by VSV-G (Fig. 3) . In contrast, ACE2 but not ACE1 expression augmented transduction driven by SARS-S, while expression of CD13 and murine but not human CEACAM-1 facilitated entry driven by 229E-S and MHV-S, respectively ( Fig. 3 ), in keeping with published results (15, 19) . Notably, expression of none of the receptors tested augmented transduction driven by EMC-S ( Fig. 3) , indicating that hCoV-EMC uses a different host cell factor for cellular entry.
Low pH and cathepsin activity are required for transduction mediated by the human coronavirus EMC spike protein. The cellular entry of enveloped viruses requires envelope proteindriven fusion of the viral membrane with a host cell membrane. The membrane fusion reaction is energetically unfavorable and can proceed only once the envelope protein receives a trigger, either receptor engagement, low pH, or both (40, 41) . In addition, many viral glycoproteins require activation by host cell proteases, including the pH-dependent endosomal cysteine proteases cathepsins B and L, which activate the Ebola virus glycoprotein (EBOV-GP) (42) and SARS-S (22) . Entry of viruses which depend on low pH can be inhibited by lysosomotropic agents such as ammonium chloride, and these agents also block entry of viruses which require cathepsin B/L activity for entry (22) . In contrast, protease inhibitors such as MDL28170 specifically block activation of viruses which require cathepsin B/L activity for entry but do not inhibit viruses which are activated by low pH alone (22) . We employed ammonium chloride and MDL28170 to determine which host cell factors trigger EMC-S for virus-cell fusion. The murine leukemia virus envelope protein (MLV-Env) is triggered by receptor engagement for membrane fusion (43, 44) , and transduction mediated by MLV-Env was not blocked by any of the agents tested ( Fig. 4) , as expected. In contrast, VSV-G requires low pH as a trigger for membrane fusion (45) , and VSV-G-driven transduction was inhibited by ammonium chloride but not by MDL28170 ( Fig. 4 ), in keeping with published results (22) . Transduction by EBOV-GP depends on cathepsin B/L activity (42) and was thus inhibited by both ammonium chloride and MDL28170 ( Fig. 4) , again in accordance with published data (22, 42) . Finally, transduction mediated by EMC-S was also blocked by ammonium chloride and MDL28170 (Fig. 4) , indicating that EMC-S, like EBOV-GP and SARS-S, depends on cathepsin B/L activity for host cell entry.
TMPRSS2 activates the spike protein of human coronavirus EMC for cathepsin B/L-independent host cell entry. We and others have previously shown that the TTSP TMPRSS2 cleaves SARS-S and that cleavage activates SARS-S for cathepsin B/L-independent host cell entry (25) (26) (27) . We therefore analyzed if TMPRSS2 can also activate EMC-S for virus-cell fusion. For this purpose, we first asked if TMPRSS2 and other members of the TTSP family cleave EMC-S with a C-terminal antigenic tag when coexpressed in transfected 293T cells. The effect of trypsin on EMC-S was analyzed in parallel. Western blot analysis of cells transfected to express EMC-S in the absence of a protease revealed prominent bands of 170 and 100 kDa and a minor band of approximately 60 kDa ( Fig. 5A ), in agreement with our previous findings (Fig. 1A) . Trypsin treatment produced an additional cleavage fragment of 40 kDa, indicating that a trypsin-sensitive site is located within the S2 portion of EMC-S. Coexpression of TMPRSS2 produced prominent EMC-S cleavage fragments of 90 and 58 kDa, with additional fragments of 15, 35, and 40 kDa ( Fig.  1A and 5A ). Expression of HAT also resulted in EMC-S proteolysis, but the cleavage fragments differed from those produced by TMPRSS2. Finally, coexpression of TMPRSS3, TMPRSS4, and TMPRSS6 did not result in EMC-S cleavage, despite robust expression of these proteases in the transfected cells, as determined by Western blotting of epitope-tagged proteins (data not shown), indicating that these proteases do not recognize EMC-S as a substrate. Thus, EMC-S is processed by a so far unknown protease expressed in host cells and can additionally be cleaved by trypsin, TMPRSS2, or HAT. Western blot analysis of EMC-S bearing VLPs generated in the presence of trypsin, TMPRSS2, and HAT revealed that EMC-S cleavage products were incorporated into the viral membrane (Fig. 5B) . Thus, the EMC-S fragments of 170 and 100 kDa detected in control VLPs were partially replaced by prominent fragments of 40 and 90 kDa in VLPs generated in cells coexpressing HAT and TMPRSS2, respectively (Fig. 5B) . Similarly, a predominant fragment of 40 kDa was detected in trypsin-treated VLPs.
In order to assess if cleavage results in EMC-S activation, we performed inhibition analyses with MDL28170, an inhibitor of cathepsin B/L (22) , and camostat mesylate (camostat), a serine protease inhibitor active against TMPRSS2 (28) . VSV-G-dependent transduction of 293T cells transfected with empty plasmid or a TMPRSS2 expression plasmid was not inhibited by MDL28170, camostat, or a combination of both inhibitors (Fig. 5C ), as expected. Similarly, camostat treatment of target cells transfected with empty plasmid had little effect on EMC-S-mediated transduction, although a slight reduction in transduction efficiency was observed. In contrast, incubation of empty plasmid-transfected target cells with MDL28170 alone markedly reduced transduction efficiency, and inhibition was not increased by simultaneous treatment with camostat ( Fig. 5C ). Notably, inhibition by MDL28170 was fully rescued by expression of TMPRSS2, but entry remained sensitive to inhibition by camostat ( Fig. 5C ), indicating that TMPRSS2 can activate EMC-S for cathepsin B/L-independent entry. The activation of EMC-S by TMPRSS2 in transfected cells raised the question of which activation pathway dominates in target cells that are naturally susceptible to EMC-S-mediated transduction. We selected Caco-2 cells to address this question, since these cells express endogenous TMPRSS2 (32) and are susceptible to EMC-S-driven transduction ( Fig. 2A) . None of the inhibitors tested reduced VSV-G-mediated transduction of Caco-2 cells, although a modest reduction was observed when a combination of MDL28170 and camostat was tested (Fig. 5D ). Incubation of Caco-2 cells with camostat reduced EMC-S-mediated transduction about 10-fold, while MDL28170 treatment had no effect, indicating that TMPRSS2-dependent activation prevails over cathepsin B/L-mediated activation in Caco-2 cells (Fig. 5D ). However, a combination of camostat and MDL28170 was required to reduce transduction efficiency to background levels (Fig. 5D ), indicating that both TMPRSS2 and cathepsin B/L can activate EMC-S for entry into naturally susceptible cells.
The serum from a human coronavirus EMC-infected patient contains neutralizing antibodies. The generation of neutralizing antibodies might be important for the control of hCoV-EMC infection, and an efficient method for the detection of such antibodies could be highly useful for diagnostic efforts. Therefore, we tested if EMC-S-mediated transduction could be blocked by serum obtained from an hCoV-EMC-infected patient who survived the disease. The patient serum did not diminish VSV-G-or SARS-S-mediated transduction of 293T-ACE2 cells but reduced EMC-S-mediated transduction up to 1,000-fold, in a concentrationdependent manner (Fig. 6 ). Thus, neutralizing antibodies are generated in infected, surviving patients and can be detected in a highly efficient and quantitative fashion in the pseudotype transduction system.
DISCUSSION
The constantly increasing exploitation of natural resources, personal mobility, and climate change facilitate the zoonotic transmission of novel viruses to humans (46) , with potentially dramatic consequences, as exemplified by the SARS pandemic. The outbreak of hCoV-EMC in Saudi Arabia raises concerns that a SARS-like pandemic might be about to unfold (47) . Assessment of the pandemic potential and the development of specific antiviral measures require an understanding of hCoV-EMC interactions with host cells. Employing lentiviral pseudoparticles, we investigated the viral and cellular factors contributing to hCoV-EMC entry into host cells. We showed that a broad panel of human cell lines is susceptible to EMC-S-driven transduction, suggesting that the viral receptor is broadly expressed. The nature of the receptor remains to be explored, since none of the known coronavirus receptors augmented EMC-S-dependent transduction. Inhibitors of cathepsins B and L and TMPRSS2 blocked EMC-S-dependent virus-cell fusion, indicating that EMC-S can use redundant proteolytic pathways to ensure its activation. Finally, serum from an hCoV-EMC-infected patient inhibited EMC-S-but not VSV-Gor SARS-S-driven transduction, indicating that S-protein-specific neutralizing antibodies are generated in patients and might contribute to control of hCoV-EMC infection. Our results reveal important insights into the molecular processes underlying hCoV-EMC entry into host cells and define targets for intervention.
The incorporation of foreign glycoproteins into lentiviral particles, termed pseudotyping, offers an efficient means of studying host cell entry of highly pathogenic viruses without the need for a high level of biocontainment. Pseudotyping has been used successfully in the past to study the host cell entry of coronaviruses, including SARS-CoV (37, 39) , and proved to be a suitable tool to analyze the entry of hCoV-EMC. Thus, EMC-S was efficiently incorporated into lentiviral particles, and pseudotypes bearing EMC-S were able to readily transduce a panel of human cell lines, including cells derived from the colon, liver, kidney, and lung. Whether these cell lines are also susceptible to infection by authentic hCoV-EMC and adequately mimic infection of primary cells remains to be determined. The susceptibility of lung-derived cell lines to EMC-S-mediated transduction was expected, since the virus causes severe respiratory disease and was isolated from sputum (8) . The susceptibility of intestine-and kidney-derived cell lines is notable because these organs are also targeted by SARS-CoV (48, 49) . The invasion of the intestines by SARS-CoV might account for the diarrhea frequently observed in SARS cases (50) , while viral spread to the kidney might promote renal failure (51), a symptom occasionally associated with SARS-CoV infection. Five of the nine hCoV-EMC-infected patients documented up to December 2012 developed renal failure (9) , and it is thus conceivable that hCoV-EMC, like SARS-CoV, is capable of extrapulmonary spread, which might account for certain aspects of the disease presentation.
The observation that SARS-CoV and hCoV-EMC both infect certain kidney-and colon-derived cell lines (8, 17, 52, 53) indicates that these viruses might use the same receptor for host cell entry, i.e., ACE2. Alternatively, hCoV-EMC might have adapted to use one of the other previously identified coronavirus receptor proteins, i.e., CD13 (15) or CEACAM-1 (19) . However, directed expression of these receptors did not augment EMC-S-driven transduction of target cells, while transduction mediated by control S proteins was enhanced, demonstrating that EMC-S did not adapt to use any of the known coronavirus receptors. This conclusion is in keeping with results reported by Müller and colleagues, who recently demonstrated that hCoV-EMC does not use ACE2 for entry (53) . Which cellular receptor is bound by EMC-S and whether binding is mediated by a receptor binding site proposed on the basis of bioinformatic analysis (54) remain to be determined. As was done for the identification of the SARS-CoV receptor ACE2 (17), coimmunoprecipitation followed by mass spectrometric identification of binding partners might be a suitable way to identify the elusive hCoV-EMC receptor. The observation that THP-1 cells acquire susceptibility to EMC-S-driven transduction upon differentiation into macrophages, most likely because of upregulation of receptor expression, might aid in these endeavors. The coronavirus S proteins characterized so far are class I membrane fusion proteins. A characteristic of class I membrane fusion proteins is their need for proteolytic activation (40) . Thus, the proteins are synthesized as inactive precursors which transit into an active state only upon proteolysis. A seminal study showed that SARS-S, like EBOV-GP, is activated by the pH-dependent endosomal cysteine proteases cathepsins B and L during uptake of virions into target cells (22) . Inhibitors of cathepsins B and L, such as MDL28170, are available, and their development as therapeutics for coronavirus and filovirus infection has been proposed (22, 55) . However, recent studies demonstrated that the type II transmembrane serine proteases TMPRSS2 and HAT, which were initially shown to activate influenza viruses (56) , also activate SARS-S and that activation by TMPRSS2 renders SARS-S-mediated entry cathepsin B/L independent (24) (25) (26) (27) (28) . TMPRSS2 and HAT are coexpressed with ACE2 in human respiratory epithelium (57) , and TMPRSS2 was shown to contribute to SARS-S activation in cultured human airway-derived cells (28) , indicating that TMPRSS2-mediated SARS-S activation might be operative in vivo.
In contrast to SARS-S, EMC-S is efficiently cleaved in transfected cells, and likely also in infected cells. The nature of the responsible proteolytic activity and the biological relevance of cleavage are unknown at present. Although EMC-S is cleaved in transfected cells and processed S protein is incorporated into virions, further processing by host cell proteases during viral entry is required for EMC-S activation. A similar observation has been documented for EBOV-GP, which is processed by furin in infected cells (58) but requires cathepsin activity in target cells in order to facilitate infectious entry (42) . EMC-S can be activated by cathepsin B/L, as demonstrated by inhibition of EMC-S-dependent transduction by the cathepsin B/L inhibitor MDL28170. In addition, EMC-S can be processed and activated by TMPRSS2 for cathepsin B/L-independent entry. Thus, EMC-S, like SARS-S, is activated by endosomal cathepsins and type II transmembrane serine proteases in cell culture, suggesting that the activities of both proteases must be blocked in patients in order to efficiently suppress viral replication.
Coronavirus S proteins are major targets for neutralizing antibodies (37, 39, 59, 60) , and the observation that serum from an hCoV-EMC-infected patient specifically neutralized EMC-S but not VSV-G or SARS-S is in keeping with this notion. Notably, work published during the revision of the present article demonstrated that the patient serum we used also neutralizes authentic hCoV-EMC (61), indicating that the pseudoparticle system adequately mirrors neutralization of authentic hCoV-EMC. Whether the neutralizing antibodies contributed to control of hCoV-EMC infection or were produced largely after the viral spread subsided is at present unknown. Regardless of the role of neutralizing antibodies, the easy detection of neutralizing activity present in human serum by the vector systems used here suggests that this tool might prove useful in determining the frequency of hCoV-EMC infection in patients and the potential cross-reactivity of serum with other coronavirus S proteins. Our initial analysis demonstrates that antibodies generated in hCoV-EMC-infected patients do not cross-neutralize SARS-S. Whether the same is true for the more closely related S proteins of HKU4 and HKU5 remains to be investigated.
In sum, the present study provides important insights into hCoV-EMC cell tropism and should contribute to our under-standing of the pathogenesis of this virus. In addition, it demonstrates that hCoV-EMC uses a novel receptor for cellular entry, and it defines host cell enzymes important for activation of EMC-S, which might constitute targets for intervention. Finally, the study identifies pseudotypes as a valuable tool for the detection of neutralizing antibodies directed against EMC-S, a finding that has important implications for diagnostic approaches and efforts to characterize the humoral immune response in hCoV-EMCinfected patients.
